The copper-catalyzed cross-coupling of bromozinc-difluorophosphonate with iodobenzoates has been studied with DFT methodology in order to understand the experimentally observed reactivity. The directing carboxylate group promotes the reaction for methyl 2-iodobenzoate and, unexpectedly, also for methyl 4-iodobenzoate, although to a lesser extent. DFT calculations show that the Zn(II) byproduct, formed in the initial stages of the reaction, remains attached to the catalyst and serves as anchoring point for the benzoate moiety allowing, in turn, the reaction for both ortho-and para-substituted iodobenzoates. The computationally derived reaction mechanism has also been applied to study whether other substrates may engage in a similar cross-coupling process with bromozinc-difluorophosphonate. The calculations carried out on substrates bearing nitrogen-directing groups, such as triazene and pyridine, indicate that their reactions should be possible and the latter should produce a much faster reaction than iodobenzoates.
INTRODUCTION
Over the last years organofluorine chemistry has emerged and attracted the attention of the chemistry community. Indeed, fluorinated compounds have become a major research topic in pharmaceutical and agrochemical industries as the presence of fluorine often improves the metabolic stability, bioavailability and lipophilicity of organic moieties.
1 Most efforts in this research area have been devoted to the introduction of fluorine (-F) or the trifluoromethyl (-CF 3 ) group in organic compounds 2 while the synthesis of difluoromethylated molecules has been less explored. 3 Even so, the difluoromethylene group (-CF 2 ) has become one of the most interesting targets in organofluorine chemistry because it can act, for example, as a bioisostere of a carbonyl group or an oxygen atom. One of the most promising candidates among all the existing difluoromethylenic groups is the -CF 2 P(O)(OR) 2 residue, which can be considered as a stable in vivo mimetic of the phosphate group such as those present in natural molecules and enzimes.
Scheme 1. Copper-catalyzed cross-coupling of iodobenzoates with bromozincdifluorophosphonate (top) and mechanism of the reaction as proposed by Zhang et al. (bottom) .
One of the main developments in this field was reported by Zhang and coworkers in 2012 (Scheme 1, top). 5 Their reaction was the first example of copper-catalyzed cross-coupling of iodobenzoate with a bromozinc-difluorophosphonate counterpart and allowed the preparation of aryldifluorophosphonates with excellent functional group compatibillity and high efficiencies. The experiments indicated that the reaction did not proceed through a radical mechanism and therefore a more classical oxidative addition/reductive elimination cross-coupling mechanism was proposed (Scheme 1, bottom). The reaction mechanism states that the incoming substrate interacts with an organocopper zinc species (M in Scheme 1) prior to the oxidative addition of the C-I bond onto the copper atom, which is facilitated by the benzoate moiety placed in ortho to the iodide and enables the overall catalytic cycle. Interestingly, the methyl 4-iodobenzoate substrate, where the iodide and the directing carboxylate group are placed in para positions, is also able to engage in the cross-coupling reaction, although with poorer results (< 20% yield) . This indicates that the reaction is still able to proceed despite having a strong ortho-directing group, which should be expected to prevent any type of reactivity. In any case, the presence of the directing group is essential for the catalytic reaction to proceeed; in this line, previous studies of Shibuya and coworkers 6 demonstrated that carrying out a similar cross-coupling process without a directing group in the substrate required a stoichimetric amount of copper and produced a radical single electron transfer (SET) reaction mechanism. In this report the catalytic cycle proposed by Zhang and coworkers, including three different plausible pathways, will be computationally studied using methyl 2-iodobenzoate as substrate. Once the reaction mechanism has been established it will be used to understand the unexpected reactivity shown by methyl 4-iodobenzoate. Finally, the reaction mechanism will be evaluated for two different substrates bearing the N-directing triazene and pyridine groups, i.e. using 1-((2-iodophenyl)diazenyl)piperidine and phenyl 2-(2-iodophenyl)pyridine, to check whether they would make good partners for the studied reaction.
EXPERIMENTAL SECTION Computational Details
All the structures have been fully optimized using 1,4-dioxane as solvent (PCM, see below) using the Gaussian09 7 package with B3LYP functional. 8 In the optimization process the standard 6-31G* basis set 9 is used for all H, C, N, O, F, and P atoms while the Stuttgart triple zeta basis set (SDD), 10 along with the associated ECP to describe the core electrons, has been employed for Cu, Zn, Br and I. Tight convergence criteria as well as ultrafine integration grids have been used in order to ensure satisfactory convergence. In all cases the solvation energies are computed in 1,4-dioxane with the (IEF-PCM) 11 continuum dielectric solvation model using the SMD 12 radii and nonelectrostatic terms. The dispersion correction terms have been included in all the calculations by using the D3 method of Grimme. results. Special care has been taken when modeling the organometallic species involved in the computed catalytic cycles; in this case, one of the potential important issues is the change on the coordination number of the metal centers along the computed pathways, typically by the binding of substrate or explicit solvent molecules. The calculations indicate that tricoordinated copper(I) complexes do not tend to become tetracoordinated by binding additional solvent molecules. On the other hand, zinc(II) always prefers adopting a tetrahedral geometry and, whenever necessary, explicit 1,4-dioxane solvent molecules have been added/removed to maintain the tetracoordination along the reaction. This is reflected in all the schemes included in this report; the coordination number around the copper atoms always corresponds to the number of bound ligands in the schemes. In contrast, zinc remains tetrahedral and hence the coordination number is always equal to four; this means that whenever a di-or tricoordinated Zn species appear in a scheme, two or one solvent molecules have been added, respectively, to complete the tetrahedral coordination sphere. Of course, the solvent binding/release processes onto zinc are considered to take place by diffusion and therefore they are assumed to be barrierless.
RESULTS AND DISCUSSION
The catalytic cycle originally proposed by Zhang and coworkers can be interpreted in different ways depending on the nature of the key species formed prior to the oxidative addition step i.e. M in Scheme 1. coordinatively unsaturated this process is likely to be driven by diffusion processes instead of governed by an energy barrier. In I2 the phosphonate oxide group is bound to the copper and, at the same time, the zinc approaches the iodide; the Cu-O and Zn-I distances are 2.29 and 2.75 Å, respectively; as a consequence, the initial Cu-I distance elongates from 2.50 (I1) to 2.57 Å (I2). After that the fluorinated phosphonate group (CF 2 P(O)(OEt) 2 ) has to be transferred from the zinc to the copper center through the corresponding transmetalation transition state (TMTS, Figure 1 left), which would lead to the formation of intermediate I3. In this transition state the distance between both copper and zinc atoms becomes as short as 2.37 Å, well below the sum of both van der Waals radii for those metals and possibly indicating a certain character of metal-metal bond character. As may be observed the position of the P=O group varies between I2 (on Cu) and TMTS (on Zn), showing that this substituent switches between both metals. It may then be argued that these two species are not directly connected and the species prior to transmetalation may not be I2; however, all the other computed isomers of I2 are found at higher energies e.g. the doublehalide bridging species can be found at -3.0 kcal mol -1 while the complex with only iodide bridging both metals -and possibly the species leading to TMTS-has also a relative Gibbs energy value of -3.0 kcal mol -1 . This latter species should be easily obtained by a rotation of the Zn-C-P-O torsion angle in I2, which would move the P=O group away from the copper atom. Since I2 has the lowest relative Gibbs energy it is the most likely intermediate to be formed prior to transmetalation. Once I3 is obtained the reaction should proceed by the release of [ZnBrI(1,4-dioxane) 2 ] and the formation of the copper(I) complex I4. This step has a quite large energy requirement -more than 13 kcal mol -1 are required-and thus the liberation of the Zn byproduct seems to be quite unlikely. A plausible solution for this issue is presented in the next paragraphs but, for the moment, the explanation will remain in this catalytic cycle. After the release of [ZnBrI(1,4-dioxane) 2 ] I4 should bind a methyl 2-iodobenzoate molecule (S) to deliver intermediate I5. In this copper(I) complex the carboxylate group directly interacts with the metal center and the Cu-O distance is 2.40 Å. As may be observed the interaction between these two fragments does not seem to be extremely strong and the coordination process is practically thermoneutral, with I4 and I5 having practically equal relative Gibbs energies. The next step of the reaction should be the oxidative addition of the C-I bond of the incoming substrate onto the metal to form the copper(III) complex I6. The formation of this kind of complexes, often invoked in non-radical copper-catalyzed reactions, has become widely accepted in recent times.
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And this is mainly because of the new experimental evidences obtained from advanced spectroscopic techniques and the study of catalyst models, which allow the identification and characterization of these elusive species. 19 The oxidative addition process is governed by the corresponding transition state (OATS, Figure 1 middle) in which the two carbon substituents are placed cis to each other. Of course, other oxidative addition transition states exist but those that were computed displayed higher energy requirements or lead to unproductive pathways, e.g. the transition state placing the iodide between the phenyl and the CF 2 P(O)(OEt) 2 groups has a relative Gibbs energy value of 19.5 kcal mol -1 , while OATS, although endergonic, is found at a relative Gibbs energy of 16.3 kcal mol -1 . In OATS, the C ipso -I, Cu-C ipso and Cu-I distances are 2.29, 2.23 and 2.91 Å, respectively, remaining in their typical range for this kind of structures. Nevertheless, it is worth noting that the distance between the copper atom and the carboxylate largely increases in this transition state (3.07 Å), indicating that the directing group effect seems to be quite limited. Intermediate I6 exhibits a distorted octahedral geometry around the copper(III) center, with two long axial distances. The two axial positions are occupied by the carboxylate group of the benzoate (at 2.58 Å) and one of the nitrogen atoms of phenanthroline (at 2.48 Å). The particular arrangement of OATS dictates that both carbon substituents: the benzoate ring and CF 2 P(O)(OEt) 2 lie cis to each other in complex I6. This complex has a relatively low value of Gibbs energy (-1.6 kcal mol -1 ) and is the most stable among all the possible copper(III) conformers that can be computed, probably because the transinfluence of the substituents present is well balanced: C benzoate vs.
vs. I, and N axial vs. O axial . Getting the product from I6 should be quite straightforward by a C-C reductive elimination; the transition state governing this transformation (RETS, Figure 1 right) is found just 12.9 kcal mol -1 higher than the previous intermediate, demonstrating that this barrier should be very easily overcome under the experimental conditions. In RETS the distance between both carbon groups becomes quite short (2.00 Å) while the Cu-C benzoate distance remains practically unchanged (1.93 Å compared to 1.91 Å in I6). It is also worth noting that in this case, and in contrast to OATS, the distance between the copper atom and the carboxylate group is relatively short (2.60 Å). After the reductive elimination the product (P1) is released into the reaction mixture and the starting catalyst species (I1) is recovered to engage in successive cycles. The overall thermodynamics indicate that the studied reaction is exergonic by 39.6 kcal mol -1 . The computed relative Gibbs energies allow the calculation of the apparent activation energy for the studied reaction, which is directly related to its turnover frequency. This can be easily done by means of the energetic span model developed by Kozuch and Shaik. 20 This model states that the activation barrier corresponds to the energy difference between the highest and the lowest species when the latter appears first in the catalytic cycle, as in this case. Therefore, the activation barrier for a reaction following Pathway 1 has a value of 27.6 kcal mol Step by step, it seems that all the processes require a larger amount of energy in Pathway 2 when compared to Pathway 1; nevertheless, the apparent activation barrier in this catalytic cycle, computed as the Gibbs energy difference between I3 and OATS2, is much lower (27.6 vs. 20.4 kcal mol -1 for Pathways 1 and 2, respectively) since the energy penalty of liberating [ZnBrI(1,4-dioxane) 2 ] into the reaction mixture is avoided.
Scheme 3. Alternative reaction pathways, including relative Gibbs energies in kcal mol -1 , for the cross-coupling of bromozinc-difluorophosphonate with methyl 2-iodobenzoate (NN ligand = phenanthroline, the copper oxidation state is given by color: Cu = Cu(I), Cu = Cu(III)).
The alternative reaction mechanism named as Pathway 3, where the methyl 2-iodobenzoate substrate (S) binds onto zinc instead of copper, is shown in Scheme 3 (right). As may be observed the interaction between the carboxylate group and Zn to form intermediate I9 is clearly favored when compared to its copper analog (I7): -17.0 vs. -10.7 kcal mol -1 , respectively. The short Zn-O distance in I9 (2.15 Å) also indicates the strength of the interaction between both reactants. Alternatively, the substrate was made to interact with the zinc fragment through the iodide group; the resulting structure shows a quite long Zn-I substrate distance (3.21 Å) and a relative Gibbs energy around 5 kcal mol -1 higher than that of I9, indicating that this arrangement is not plausible to occur during the reaction. The flexibility of the dangling phosphonate group should allow the substrate to orient towards the copper center so the oxidative addition can take place. OATS1 and OATS2, respectively, but should be still easily overcome at 60°C. As may be observed, the C ipso -I, Cu-C ipso and Cu-I distances in OATS3 (2.30, 2.29 and 2.82 Å, respectively) are very similar to those obtained in the oxidative addition where the substrate is directly bound to the copper center (OATS) and thus the higher energy requirement of OATS3 is probably due to the different conformation of the phosphonate-[ZnBrI] group. After the oxidative addition step the copper(III) complex I10 should be formed; in contrast to Pathways 1 and 2, this complex is higher in energy than the previous intermediate but still remains at an acceptable level. Intermediate I10 displays a square pyramidal geometry around the copper atom, with one of the phenanthroline nitrogen donor atoms placed in the axial position and the difluorophosphonate and the benzoate positioned cis to each other. The C-C reductive elimination (RETS3, Figure 2 bottom) from I10 seems to be quite straightforward and requires 18.3 kcal mol -1 . This energy demand is again larger than those corresponding to RETS and RETS2 (12.9 and 13.3 kcal mol -1 , respectively), probably due to the conformational strain introduced by the phosphonate- [ZnBrI] group. The C CF 2 -C ipso , Cu-C ipso and Cu-C CF 2 distances in RETS3 (2.07, 1.93 and 2.26 Å, respectively) are also similar to those observed for the copper-bound substrate (RETS). Once the C-C bond has been formed the cyclometalated product (P3) should be obtained and the initial catalytic species (I1) would be recovered, ready to engage in successive reaction cycles. The apparent activation barrier associated to Pathway 3, calculated as the Gibbs energy difference between I9 and RETS3, is 24.9 kcal mol -1 , which corresponds to the actual lowest Gibbs energy barrier of the whole reaction. And this is because the barriers for Pathways 1 and 2 have to be updated and computed against the lowest intermediate throughout, which happens to be I9. By doing so those barriers rise to 33.3 and 26.1 kcal mol -1 for Pathways 1 and 2, respectively (Scheme 4).
Scheme 4. Gibbs energy profiles (in kcal mol -1 ) for Pathways 1 (red), 2 (blue) and 3 (green) in the copper-catalyzed cross-coupling of methyl 2-iodobenzoate with bromozinc-difluorophosphonate, and apparent activation barriers for each pathway from the resting state I9.
The relative barrier heights for each pathway indicate that the vast majority of the final product should be obtained from Pathway 3 (P3), although some P2 could be also formed. In the same line it seems that Pathway 1 could be safely ruled out. However, and as stated in the original experimental report, after 24 h "the reaction mixture was cooled to room temperature, and diluted with EtOAc, washed with brine, dried over Na 2 SO 4 , filtered and concentrated", 5 which means that at the end of the reaction P1 -if some-, P2 and P3 should be combined in a single fraction, most probably free of [ZnBrI(1,4-dioxane) 2 ].The computed reaction mechanism for methyl 2-iodobenzoate (S), which confirms the existence and effectiveness of Pathway 3, allows understanding why the similar methyl 4-iodobenzoate substrate (S2) is able to cross-couple with the copper catalyst regardless of the ortho-directing carboxylate group absence. As before, the conformational flexibility of the phosphonate- [ZnBrI] fragment allows the reaction to be directed to the para-position of the substrate (Scheme 5).
Scheme 5. Gibbs energy profiles (in kcal mol -1 ) for Pathways 2 (blue) and 3 (green)
in the copper-catalyzed cross-coupling of methyl 4-iodobenzoate (S2) with bromozinc-difluorophosphonate, starting from I3 (NN ligand = phenanthroline, the copper oxidation state is given by color: Cu = Cu(I), Cu = Cu(III)).
The reaction mechanism for S2 follows the same sequence as the ones computed above. Since Pathway 1 displays a very high Gibbs energy barrier it has not been computed for this substrate. Pathway 2 should not be operative for S2 because the coordination of the substrate directly to the copper atom, delivering intermediate I7b,
inhibits the reaction by preventing the oxidative addition to happen. In addition, this type of coordination is slightly endergonic which means that it would probably not interfere with Pathway 3, which seems to become the only plausible reaction mechanism to explain the observed experimental reactivity. than that for methyl 2-iodobenzoate (S). As may be observed the distances in OATS3b (Figure 3, top) are quite different to those obtained in OATS3 (Figure 2 , top). In OATS3b the C ipso -I distance is longer whereas the Cu-C ipso and Cu-I distances are shorter than those of OATS3, indicating that the former has a late transition state character while the latter seems to be more concerted. As may be observed, and in contrast to the calculations shown above, the stabilization of the copper(III) intermediate I10b is not large, probably because of the strain introduced by the longer cyclometalated fragment. This complex remains almost 13 kcal mol -1 higher than I9b, which means that the oxidative addition stage should be easily reversible. Intermediate I10b shows again a square pyramidal structure around the copper, with one of the phenanthroline nitrogens occupying the axial position while the difluorophosphonate and the benzoate substituents are placed in cis at the equatorial plane. The reaction should proceed then by reductively eliminating the CF 2 and the benzoate substituents and forming a new C-C bond; in this way, the final product P3b would be obtained and the initial catalyst species (I) should be recovered. It has to be noted that P3b is not a cyclometalated product, the optimization of this kind of compound always entails the cleavage of the P=O···Zn bond, producing a similar structure to that of P2. This final stage is governed by the corresponding reductive elimination transition state (RETS3b, Figure 3 , bottom), which can be found quite high in energy (overall +11.7 kcal mol -1 ) along the reaction coordinate. This transition state, unlike OATS3b, is similar to its analogous structure for methyl 2-iodobenzoate (RETS3), although in this case the Cu-C CF 2 distance is a bit shorter. The energy requirement of this reductive elimination process, 14.3 kcal mol -1 , is lower than that observed in Pathway 3 for substrate S (18.3 kcal mol -1 ) but this is probably due to the low stabilization of the I10b intermediate. The apparent activation barrier associated to Pathway 3 for methyl 4-iodobenzoate (S2), obtained as the Gibbs energy difference between I9b and RETS3b, is 27.1 kcal mol -1 . This value is more than 2 kcal mol -1 higher than that found for methyl 2-iodobenzoate (S), indicating that the cross-coupling reaction of the latter should be much faster, in agreement with what is observed experimentally. Once a plausible reaction mechanism for the cross-coupling of iodobenzoates with bromozinc-difluorophosphonate has been found it should be easily extended to other similar systems, for example to substrates bearing a nitrogen-directing group instead of a carboxylate. Two different N-donor substrates have been studied, the first one is 1-((2-iodophenyl)diazenyl)piperidine 3c that has been employed in a very similar reaction, and the potential new substrate phenyl 2-(2-iodophenyl)pyridine, which has not been tested experimentally. These substrates account for triazene and pyridyl Ndirecting groups, respectively. The reaction mechanism for both these substrates has been computed including only Pathways 2 and 3. 1-((2-iodophenyl)diazenyl)piperidine was reported to participate in as very similar reaction to the one studied here; 3c in that case the coupling partner was also [ZnBrCF 2 P(O)(OEt) 2 ] and the initial catalyst was [Cu(CN) (3,4,7,8-tetramethyl-1,10-phenanthroline) ]. The reaction conditions and the solvent were also very similar to the ones and the final results were quite close for both substrates. In conclusion, methyl 2-iodobenzoate and 1-((2-iodophenyl)diazenyl)piperidine should behave in a very similar way in the cross-copupling reaction with the bromozinc difluorophosphonate. The Gibbs energy profiles computed for the copper-catalyzed cross-coupling of 1-((2-iodophenyl)diazenyl)piperidine (S3) with bromozinc-difluorophosphonate are shown in Scheme 6. Since the coordination ability of the triazene directing group is expected to be stronger than that of the carboxylic group this replacement should enhance the interaction between the catalytic species and the substrate, either binding through copper or zinc. In practice, the coordination through zinc is much more favorable (i.e. the relative Gibbs energy of I9c is almost 10 kcal mol -1 lower than that of I7c) and the reaction should, in principle, follow Pathway 3; nevertheless, Pathway 2 has been fully computed for completeness.
Scheme 6.
Gibbs energy profiles (in kcal mol -1 ) for Pathways 2 (blue) and 3 (green)
in the copper-catalyzed cross-coupling of 1-((2-iodophenyl)diazenyl)piperidine (S3) with bromozinc-difluorophosphonate, starting from I3.
The coordination of substrate S3 onto the copper atom of I3 would produce the formation of intermediate I7c; this latter complex is slightly higher in energy than the separated reactants, indicating that the interaction between copper and the triazene directing group is not very strong although the Cu-N distance is quite short (2.22 Å). This could be due the steric hindrance introduced by the dangling piperidine ring, which is placed quite close to the phenanthroline ligand. The reaction should proceed by the C-I oxidative addition onto the copper atom. This stage is mediated by the corresponding OATS2c transition state, which requires further 17.8 kcal mol -1 . In this latter species the C ipso -I, Cu-C ipso and Cu-I distances of are 2. be the most likely to produce the final difluorinated product. As expected from the experimental data, and in spite of the small differences between the experimental and the calculated catalytic systems, the computed reaction barriers of methyl 2-iodobenzoate (S) and 1-((2-iodophenyl)diazenyl)piperidine (S3) are very similar: 24.9 and 25.1 kcal mol -1 , respectively, confirming the observed reactivity of the latter substrate in the cross-coupling reaction. The reaction mechanism for the potential substrate phenyl 2-(2-iodophenyl)pyridine (S4) has been also computed (Scheme 7). The addition of substrate S4 to intermediate I3 is exergonic upon coordination to either metal center. However the energy difference between complexes I7d and I9d is quite large (9.4 kcal mol -1 in favor of the latter), indicating that the reaction should proceed, as observed before, by the binding of the substrate to the zinc atom i.e. following Pathway 3. Even so, Pathway 2 has been fully computed in order to complete the mechanistic picture. The C-I oxidative addition after the coordination of 2-(2-iodophenyl)pyridine onto the copper atom (OATS2d) requires 18.6 kcal mol -1 , a slightly lower value than that obtained for methyl 2-iodobenzoate (19.8 kcal mol -1 ). The copper(III) intermediate formed after the oxidative addition (I8d) is less stable than the analogous structure obtained with methyl 2-iodobenzoate (I8) although both complexes have the same ligand arrangement, with the pyridyl group (or the carboxylate in I8) and one of the nitrogen atoms of phenanthroline placed trans to each other in the axial positions. This is probably because of the larger steric congestion introduced by the pyridyl group, which clashes with one of the rings of phenanthroline and forces the former to slightly tilt away from the copper atom. The reductive elimination barrier from I8d is quite low and requires a small energy investment of 9.3 kcal mol -1 . The relevant distances in the oxidative addition (OATS2d) and reductive elimination (RETS2d) transition states along this pathway are quite similar to those obtained with methyl 2-iodobenzoate and therefore they will not be shown.
Scheme 7.
in the copper-catalyzed cross-coupling of phenyl 2-(2-iodophenyl)pyridine (S4) with bromozinc-difluorophosphonate, starting from I3.
As mentioned above, in the first stage of Pathway 3, the 2-(2-iodophenyl)pyridine substrate coordinates to the zinc through the pyridyl nitrogen. This reaction step should produce intermediate I9d, which constitutes the lowest energy point along the reaction coordinate of the whole cross-coupling process. In this complex the Zn-N py distance is again very short (2.15 Å), indicating a quite strong interaction between the catalytic species and the substrate. The reaction may proceed by the oxidative addition of the C-I bond onto the copper center; this process is mediated by the corresponding transition state (OATS3d) and requires 19.3 kcal mol -1 . After that the copper(III) intermediate I10d should be formed; this complex is similar to those shown before and displays a square pyramidal structure around the metal; again, one of the phenanthroline nitrogen donor atoms occupies the axial position while the difluorophosphonate and 2-phenylpyridine groups are placed cis to each other. The final reaction stage is the reductive elimination of the C-C bond to produce the corresponding cyclometalated product (P3d respectively, a faster cross-coupling reaction should be expected when using the former as substrate.
CONCLUSION
The reaction mechanism of the copper-catalyzed cross-coupling of iodobenzoates with bromozinc-difluorophosphonate has been explored with DFT calculations. Three different pathways, arising from the original proposal of Zhang, have been studied. One of them is shown to be not operative because the zinc byproduct [ZnBrI(1,4-dioxane) 2 ] cannot be expelled into the reaction mixture. Keeping that fragment bound to the catalytic species throughout the reaction cycle seems to fix the problem. Even so the calculations indicate that the carboxylate directing group of methyl 2-iodobenzoate interacts preferentially with the zinc atom rather than with copper. This produces a new catalytic cycle that has a relatively low reaction barrier and still leads to the same final difluorinated product. The computed catalytic cycle is also able to explain the experimentally observed reactivity of methyl 4-iodobenzoate, which produces a slow, although operative, reaction. In principle, the position of the directing group in this substrate should prevent the C-I activation to occur onto copper and thus the cross-coupling reaction with bromozinc-difluorophosphonate should not work. However, a similar pathway to that for methyl 2-iodobenzoate turns up if the benzoate interacts with the zinc fragment. This pathway allows the reaction to proceed and has a relatively large Gibbs energy barrier, which agrees with methyl 4-iodobenzoate producing a slow cross-coupling reaction. Finally, the proposed mechanism has been successfully applied to predict whether other substrates could be able to engage in an analogous cross-coupling reaction with bromozinc-difluorophosphonate. The 1-((2-Iodophenyl)diazenyl)piperidine substrate, already employed in a very similar cross-coupling process, is likely to follow the same reaction pathway than methyl 2-iodobenzoate. These two substrates are computed to display very similar Gibbs energy barriers, in agreement with the experimental data. On the other hand, the potential 2-(2-iodophenyl)pyridine substrate, and most probably its derivatives, provides a way to prepare new difluorinated products. The computed overall Gibbs energy barrier for these nitrogendirecting substrates is smaller than that obtained for methyl 2-iodobenzoate indicating that faster, or lower temperature, cross-coupling reactions should be expected. 
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